American English has several linguistic sources of creaky voice. Two common sources are /t/-glottalization (where /t/ is produced as a glottal stop and/or with creaky voice, as in "button") and phrase-final creak. Both /t/-glottalization and phrase-final creak have similar acoustic properties, but they can co-occur in English. The goal of this study is to determine whether /t/-glottalization and phrase-final creak are perceived distinctly. Sixteen English listeners were asked to identify words in a two-alternative forced choice task. The auditory targets were (near-) minimal pairs, in which one word could have /t/-glottalization (e.g., "button") but the other could not (e.g., "bun"). Stimuli were presented with and without phrase-final creak. Listeners made few identification errors overall, even when /t/-glottalization co-occurred with phrase-final creak, suggesting that /t/-glottalization and phrase-final creak remain perceptually distinct to English listeners. This supports the view that creaky voice is not a single category, but one comprised of distinct voice qualities.
I. INTRODUCTION
Creaky voice is usually characterized as having increased vocal fold constriction and/or irregularity relative to modal voice (Catford, 1964; Laver, 1980; Klatt and Klatt, 1990; Gordon and Ladefoged, 2001; Gerratt and Kreiman, 2001) . In American English, the phonetic realization of creaky voice may be due to distinct phonological phenomena. First, creaky voice may occur as a result of so-called "/t/-glottalization," the phenomenon in which glottal constriction is produced simultaneously with or instead of /t/ (Zue and Laferriere, 1979; Pierrehumbert, 1995; Esling et al., 2005; Huffman, 2005; Sumner and Samuel, 2005; Eddington and Taylor, 2009; Eddington and Savage, 2012) . For example, in Western U.S. dialects of English, /t/-glottalization occurs before syllabic nasals (e.g., "button" ) or heterosyllabic sonorants (e.g., "atlas," pronounced as ), or word-finally after nasals, as in "dent" pronounced as . In these cases, the glottalization necessarily results in creaky voice, but also sometimes has a glottal stop (sustained vocal fold closure): "button" can surface either as or . Second, creaky voice in English may occur primarily as a function of prosody.
1 Word-initial glottalization is the phenomenon by which stressed and/or accented vowels are creaky and/or preceded by glottal stops [e.g., "apple" pronounced as ; Nakatani and Dukes (1977) ; Umeda (1978) ; Pierrehumbert and Talkin (1992) ; Dilley et al. (1996) ; Garellek (2014) ]. Another prosodic source of creaky voice in American English is phrase-final creak or fry, the phenomenon by which ends of utterances or prosodic phrases are creaky (Redi and Shattuck-Hufnagel, 2001; Yuasa, 2010; Wolk et al., 2012) . Phrase-final creak also occurs in other varieties of English as well other languages (Local et al., 1985; Henton and Bladon, 1988; Ogden, 2001) . In contrast to /t/-glottalization and word-initial glottalization, which act on one segment of a particular word (Garellek, 2014) , phrase-final creak may span several words and appears on any voiced sound, though more research is still needed to determine its precise extent.
The International Phonetic Association currently only symbolizes a polar distinction between a laryngeally open voice quality, "breathy voice," and a laryngeally constricted one, "creaky voice" (International Phonetic Association, 1999) , though more precise phonetic and phonological interpretations of the latter term can vary. Thus, all forms of creaky voicing may be transcribed as "creaky," regardless of their precise phonetic implementation or the linguistic phenomenon that motivates their occurrence. This suggests that all forms of creaky voicing are in some way equivalent. Leaving aside their possibly distinct phonological origins, are all forms of creaky voice phonetically the same? Articulatorily, creaky voice is usually characterized by increased vocal fold contact and closure over the course of a glottal cycle (Laver, 1980; Gordon and Ladefoged, 2001) , and this appears to be true for word-initial glottalization in English and contrastive creaky voice in other languages (DiCanio, 2009; Esposito, 2012; Kuang, 2013; Garellek, 2014) . However, phrase-final creak in English can counterintuitively have increased greater vocal fold abduction rather than contact (Slifka, 2000 (Slifka, , 2006 , suggesting different possible articulations for glottalization vs phrase-final creak in English. Acoustically, both glottalization and phrase-final creak may be characterized by irregular F0 and amplitude changes (Batliner et al., 1993; Dilley et al., 1996; Gerratt and Kreiman, 2001; Redi and Shattuck-Hufnagel, 2001) , which suggests that they should be perceived as equivalent.
The goal of this paper is to determine whether English listeners can perceive differences between glottalization and phrase-final creak. There has been little work on the perception of creaky voice in English, though there are a few exceptions (Hillenbrand and Houde, 1996; Pierrehumbert and Frisch, 1997) . Hillenbrand and Houde (1996) manipulated F0 and/or amplitude root-mean-square (rms) energy for sequences of /o?o/, and asked native English listeners (who were also phonetically trained) to identify glottal stops. They found that English listeners used dips in both F0 and amplitude when identifying glottal stops. Pierrehumbert and Frisch (1997) resynthesized vowel-vowel sequences produced by two English speakers (e.g., "heavy oak," where word-initial glottalization may occur before the stressed vowel of "oak"). By means of informal listening, the authors claim (p. 20) that dips in F0 alone were sufficient for cuing glottalization. On the other hand, dips in amplitude were deemed to be weak cues to glottalization. The experimental paradigm in Hillenbrand and Houde (1996) was later extended to Coatzospan Mixtec (Gerfen and Baker, 2005) , whose listeners also use F0 and amplitude dips to perceive contrastive creaky voice in the language. Furthermore, vowel duration often varies as a function of both creaky voice and a following glottal stop (Gordon and Ladefoged, 2001; DiCanio, 2014) , and speakers of different languages are known to use duration as a cue to both glottal stops and creaky voice DiCanio, 2014) .
The previous perceptual work on creaky voice focused on the perception of glottalization or (in languages other than English) contrastive creaky voice. However, to my knowledge, researchers have yet to test whether listeners perceive glottalization as distinct from phrase-final creak. There is indirect evidence that this should be possible: Gerratt and Kreiman (2001) found that three types of creaky voicing are perceptually distinctive to English listeners: vocal fry (voicing with low, dampened pulses), amplitudemodulated voicing, and period-doubled phonation. Thus, it is possible that the distinct articulations of glottal stops and phrase-final creak produce acoustic differences that are perceptible to listeners. This would be especially useful in English, where glottalization and phrase-final creak may cooccur. For example, if the word "button" falls in the domain of phrase-final creak, then all voiced sounds of the word will be creaky (as in ). English listeners might attribute all of the creaky voicing to phrase-final creak, mishearing creaky button as a creaky instance of bun. Conversely, it is also possible that listeners may misattribute phrase-final creak during a word like bun (as in ) to /t/-glottalization, and misidentify the word as button.
Therefore, the current study tests whether English phrase-final creak and /t/-glottalization are mutually confusable using a two-alternative forced-choice task. English listeners heard words with glottal stops (e.g., button) and (near-) minimal pairs without glottal stops (e.g., bun), with stimuli appearing either with or without creak.
II. METHOD

A. Stimuli
The stimuli consisted of naturally-produced English (near-) minimal word pairs, for which one of the pairs could undergo /t/-glottalization. There were three groups (each containing seven word pairs), and the groups differed in terms of where in the word /t/-glottalization could occur. In the first group of word pairs (the button-bun group), one of the words of the pair had /t/-glottalization before a syllabic nasal (e.g., button ), whereas the other had the same vowel followed by a (non-syllabic) nasal, e.g., bun
. (In these examples, IPA is used to denote glottalization, which may be phonetically realized as creaky voice instead of a glottal stop). In the second group of word pairs (the atlas-Alice group), the word with /t/-glottalization had glottalization before a heterosyllabic sonorant onset , e.g., atlas , whereas the non-glottal word only differed by the absence of /t/-glottalization, e.g., Alice
. Of course, there are other potential cues to the contrast in the atlas-Alice group. For the word that can undergo /t/-glottalization (the "glottal" word), one might expect a lighter [l] and less anticipatory lateral coarticulation on the preceding vowel, whose duration will also be shorter due to the fact that it is in a closed syllable. In the third group of word pairs (the dent-den group), one of the words in the pair ended with orthographic -nt, which is commonly glottalized as or (Huffman, 2005; Sumner and Samuel, 2005 .) The other word in the pair differed only in that the coda contained /n/ with no following /t/. A complete list of the stimuli can be found in Table I . If the presence of phrase-final creak affects the perceptibility of glottalization, stimuli in group 1 (the button-bun group) should be easiest to distinguish, because the words differ in syllable count as well as by the presence of glottalization. Stimuli in group 2 (the atlas-Alice group) may be harder to distinguish, because the words differ by the presence of glottalization but not by syllable count. Stimuli in group 3 (the dent-den group) should be hardest to distinguish, because the words differ only by the presence of post-nasal and word-final glottalization.
The stimuli were produced by a phonetically trained female speaker, who was instructed to say, each word in the carrier phrase "STEVEN was the one who said the word X," with focus on the first word. Therefore, no words following the initial word "Steven" bore a pitch accent. The focus early in the phrase also facilitated phrase-final creak at the end (thus, on the target word), due to pitch lowering and deaccenting after the initial focused, nuclear-pitch-accented word. Words with /t/-glottalization were said once with an unaspirated or lightly aspirated [t] and once with a glottal stop , in order to create two conditions: [t] vs . Tokens with [t] were included to establish a baseline for the effect of phrase-final creak on word identification. All words were uttered in the carrier with and without phrase-final creak. The waveforms of the recorded stimuli were checked visually for evidence of phrase-final creak and/or glottalization where appropriate. In the sentences with phrase-final creak, the creak always began on "word," thus before the onset of glottalization, if present. The glottalization was produced as plosive ; i.e., with sustained vocal fold closure of about 40-50 ms. Additionally, the glottal stop was surrounded by creaky voice. For groups 1 and 2 (button-and atlas-type words whose allophonic glottal stops occur word-medially), an additional condition was then created by shortening the closure of the glottal stops to 20-25 ms in duration (henceforth denoted by short ), making the stop closure roughly equal to a glottal pulse produced at a low fundamental frequency. The shortened glottal stop condition was created to test for the influence of phrase-final creak on the perception of two common forms of glottalization (glottal stop, which is also accompanied by creaky voice, and creaky voice, with no glottal stop). A summary of the experimental conditions with sample transcriptions is shown in Table II . The stimuli were recorded at a sampling rate of 22 050 Hz using PCquirer in a sound-attenuated room at UCLA, using a Shure SM10A head-mounted microphone whose signal ran through an XAudioBox pre-amplifier and A-D device. The target words were then extracted from the carrier phrase in PRAAT (Boersma and Weenink, 2011) . Prior to presentation to listeners, all stimuli were equalized for peak amplitude and multiplied by 20-ms ramps to avoid onset and offset transient artifacts. Sample spectrograms for non-creaky vs creaky button stimuli are shown in Fig. 1. 
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B. Participants
Sixteen monolingual native English listeners (mean age ¼ 20.5, eight women and eight men) from California were recruited at UCLA. None reported any history of hearing impairment. Listeners received course credit for their participation.
C. Task
Listeners participated in a two-alternative forced-choice task, in which they were instructed to listen to a word over headphones and identify which word they heard. The experiment was implemented in PRAAT (Boersma and Weenink, 2011) . Listeners were presented visually with the target word and its alternative from the word pairs (shown in Table I ).
They heard the target word only once, after which they selected which word they thought they heard. They then rated their confidence in their choice on a Likert scale from 1 "total guess" to 5 "totally sure." The listeners could change their word choice and confidence score as many times as they liked before moving on to the next trial.
The first two groups made up 168 experimental tokens: 2 stimulus groups (button-bun and atlas-Alice) Â 7 pairs Â 2 words per pair Â 2 phrase-final phonation types (non-creaky and creaky) Â 3 /t/ allophones. Words with no medial /t/ (e.g., bun) were presented three times so that each item in a word pair would yield the same number of tokens. The third group (dent-den) made up 56 experimental tokens: 7 pairs Â 2 words per pair Â 2 phrase-final phonation types (non-creaky and creaky) Â 2 /t/ allophones. In total, 224 trials were therefore included, and each trial was repeated twice in separate blocks. The words were presented randomly within block. The experiment lasted about 20-30 min.
III. RESULTS
A. Acoustic characteristics of the stimuli
To determine how stimuli with /t/-glottalization differed acoustically from their non-glottalized pairs (with and without phrase-final creak), the stimuli were analyzed using VoiceSauce (Shue et al., 2011) . In words with post-vocalic glottal stops (e.g., button), the vowel prior to the was segmented. Given that glottal stops were produced with sustained closure, the offset of the vowel was taken to be the start of the closure. Glottal stop closure was defined as the longest inter-pulse interval between the preceding vowel and the following sonorant. Multiple acoustic measures were then calculated and averaged over the interval. The same was done for vowels in "non-glottal" words (i.e., those with no /t/, e.g., bun). The acoustic analysis included the following spectral-tilt measures H1*-H2*, H1*-A1*, H1*-A2*, H1*-A3*, H2*-H4*, H4*-2K*, and 2K*-5K*. The asterisks are used to indicate that the measures were corrected for vowel formants. Spectral tilt measures are typically lower for creaky vowels compared to modal ones, presumably because of increased and/or more abrupt vocal fold contact (Gordon and Ladefoged, 2001; Garellek and Keating, 2011) . Harmonics-to-noise ratio (HNR) below 3500 Hz was also calculated. HNR should be lower for creaky vowels due to decreased periodicity (Gordon and Ladefoged, 2001; Garellek, 2012) . Last, F0, vowel duration, and energy were also calculated. Tokens were checked for spurious F0 and TABLE II. Summary of experimental conditions with sample IPA transcriptions.
[?] refers to glottalization; phrase-final creak is denoted using the "creaky" diacritic.
Group 1: "button-bun" Group 2: "atlas-Alice" Group 3: "dent-den"
Creaky þ
Creaky þ formant measurements that could influence formantcorrected spectral tilt measures, and incorrect values were remeasured. For each acoustic measure, linear mixed-effects models were run in R using the lmer() function in the lme4 package (Bates et al., 2008) . The models had as fixed effects presence vs absence of phrase-final creak, presence vs absence of glottalization, and their interaction, random slopes for both fixed effects and their interaction, and a random intercept by word pair. Following Barr et al. (2013) , significance of a factor was assessed using likelihood ratio tests (at a ¼ 0.05), in which the deviance of a model containing the fixed effect is compared to a model without it (but identical in its random effects structure). Pairwise comparisons were assessed by means of re-leveling of the contrast coding in the full regression model. Any value of absolute t > 2 was deemed significant (Baayen, 2008) .
The means and standard deviations of each measure by group are shown in Table III . For H1*-H2*, there was a significant effect of creak [v 2 (1) ¼ 36.61, p < 0.0001] as well as a significant interaction between creak and glottalization [glottal vs non-glottal, v 2 (1) ¼ 13.85, p < 0.001]. Pairwise comparisons indicate that non-creaky non-glottalized words had higher values of H1*-H2* than their creaky counterparts (t ¼ 10.60). Note that "creaky" here refers to the presence of phrase-final creak rather than glottalization. Additionally, non-creaky non-glottalized words had higher values of H1*-H2* than their glottalized counterparts (t ¼ 2.89). Noncreaky glottalized tokens had higher values of H1*-H2* than creaky ones (t ¼ 8.07). In other words, both phrase-final creak and glottalization lower H1*-H2*, though the lowering effect of glottalization on H1*-H2* appears more robust than that of phrase-final creak (as indicated by the larger t-value for the former). Moreover, the effect of phrase-final creak and glottalization is additive, such that vowels have the lowest values of H1*-H2* when they are both adjacent to glottalization and in phrase-final creak.
Tokens in phrase-final creak had overall lower spectral tilt measures in the mid-frequency range: H2*-H4*, H1-A1*/A2*/A3*, and H4*-2K* all showed an effect of phrase-final creak, with no other significant factors [H2*-H4*: (1) ¼ 4.01, p < 0.05]. Glottalized tokens are louder than non-glottalized ones.
In sum, the speaker produced words with glottalization and/or phrase-final creak with shorter duration, lower spectral tilt and lower periodicity. Interestingly, contra Hillenbrand and Houde (1996) and Pierrehumbert and Frisch (1997) , glottalization did not result in a decrease in F0 or energy (for the latter, an increase was found; see similar findings for wordinitial glottalization in Garellek, 2013) . Phrase-final creak resulted in a decrease in F0 but not energy. Although both glottalization and phrase-final creak caused a decrease in spectral tilt, they differed in terms of the frequency bands over which the spectral tilt changes occurred. H1*-H2* was lower for glottalized tokens than for non-glottalized ones. On the other hand, spectral tilt was lower for creaky tokens than for non-creaky ones according to all measures except 2K*-5K*, for which it was higher.
B. Effect of vowel quality
Several pairs of stimuli (e.g., fawn /fOn/ vs font /fAnt/) differ in vowel quality in some varieties of English, though they were produced by a speaker with the so-called "caughtcot" (/O-A/) merger. Even though all participants were native speakers of Californian English, and thus are supposed to have the merger, a listener who (for whatever reason) does not might assume that the token heard would be the word with /A/, since the speaker never produced instances of [O] . To ensure that a vowel mismatch (in any variety of English) did not affect accuracy, a logistic mixed-effects model was run predicting accuracy as a function of the presence vs absence of a potential vowel mismatch between stimulus pairs (with random intercepts for participants and items, and random slopes for participants and items for potential vowel mismatch). The results reveal no significant effect of potential vowel mismatch on accuracy (p ¼ 0.25). Thus, the subsequent analysis does not distinguish between stimulus pairs with a potential vowel mismatch and those without.
C. Accuracy
Overall, listener accuracy was very high: 98% for button-bun pairs, 94% for atlas-Alice pairs, and 90% for dentden pairs. Accuracy was at ceiling with no variance for glottal words that had [t] instead of glottalization, regardless of whether they occurred in phrase-final creak or not. This indicates that phrase-final creak is not generally detrimental to word identification. Given this ceiling effect, words with [t] were excluded from subsequent analyses of accuracy. Although this prevents direct comparisons between glottal words with [t] and other conditions, recall that these were only included as a baseline for assessing the perceptual effect of phrase-final creak on a sound other than glottalization. The comparison of primary interest in this study is between stimuli consisting of words with /t/-glottalization, i.e., words where /t/ is realized with glottalization instead of [t] , and the non-glottal words that have no /t/. Only in these cases can the confusability of glottalization and phrase-final creak be assessed.
Logistic mixed-effects models were run for each group of word pairs. The models predicted accuracy on a trial as a function of the presence of phrase-final creak, stimulus type, and their interaction. For button-bun and atlas-Alice pairs, "stimulus type" had three levels: glottal words with vs short , as well as non-glottal words with no /t/ (recall that glottal words with [t] were excluded because results were at ceiling with no variance). For dent-den pairs, there was no "short glottalization" condition, so the "stimulus type" factor had only two levels. Random intercepts by participant and word pair were included, along with random slopes for both fixed effects.
3 The significance of a fixed effect was assessed using likelihood ratio tests, in which the deviance of a model containing the fixed effect is compared to a model without it (but identical in its random effects structure), following Barr et al. (2013) . A fixed effect was deemed significant at a ¼ 0.05, and planned pairwise comparisons for a fixed effect were assessed by means of re-leveling of the contrast coding in the regression model. For logistic mixed-effects models, p-values are provided for a given level of a fixed effect.
The accuracy results are shown in Fig. 2 . For button-bun pairs, the results revealed no significant effect of phrase-final creak, stimulus type, or their interaction (all p > 0.05). Onesample t-tests (with l ¼ 100% correct) further showed that none of the conditions differed significantly from ceiling. Therefore, listeners were consistently able to identify buttonbun words, regardless of whether they occurred in phrasefinal creak or the realization of the /t/ in words with possible /t/-glottalization.
For atlas-Alice pairs, there was a significant effect of creak [v 2 (1) ¼ 13.41, p < 0.001], with overall lower accuracy when words occurred in phrase-final creak. A significant effect of stimulus type was also found [v 2 (1) ¼ 9.33, p < 0.01], whereby accuracy was higher for non-glottal Alice-type words than glottal Atlas-type words with either long or short glottalization, and for glottal words with long glottalization compared to those with short glottalization (all p < 0.0001). No significant interaction between creak and stimulus type was found.
For dent-den pairs, there was a significant effect of creak [v 2 (1) ¼ 4.80, p < 0.05], with overall lower accuracy when words occurred in phrase-final creak. No significant effect of stimulus type was found, but the interaction between creak and stimulus type was significant [v 2 (1) ¼ 7.29, p < 0.001]. The presence of creak did not result in a decrease in accuracy for glottal dent-type words, but did for non-glottal den-type words.
Recall that glottal words with [t] were excluded from the logistic mixed-effects models because they were at ceiling with no variance. Thus, it was not possible to directly compare the other stimulus types to [t] . As an alternative, one-sample t-tests (with l ¼ 100% correct) were used to determine which conditions differed from ceiling. As mentioned above, the results indicate that none of the button-bun conditions were significantly below ceiling. Further, noncreaky atlas-Alice words with either long glottalization or no /t/ did not differ statistically from ceiling. In the case of dent-den pairs, non-creaky non-glottal den-type words did not differ statistically from ceiling. However, all other conditions, including creaky atlas-Alice and dent-den conditions with either glottalization or no /t/, were below ceiling (see Fig. 2 ).
D. Confidence ratings
Listeners' confidence scores were assessed using linear mixed-effects models with the same fixed-and randomeffects structure as the logistic models used for accuracy. The significance of a factor was also assessed using likelihood ratio tests, and planned pairwise comparisons for a fixed effect were assessed by means of re-leveling of the contrast coding in the regression model. For outputs of linear mixed-effects models, no p-values are provided for a given factor. Thus, an absolute t > 2 was deemed significant (Baayen, 2008) .
The confidence score results are shown in Fig. 3 . Higher values indicate greater confidence in listeners' response. For both button-and atlas-type words with [t], confidence ratings were at ceiling with little variance. (One-sample t-tests confirmed that these groups did not differ statistically from ceiling.) Thus, these were excluded from the subsequent analyses. For button-bun pairs, there was a significant effect of phrase-final creak [v 2 (1) ¼ 9.91, p < 0.001]. There was also a significant effect of stimulus type [v 2 (2) ¼ 9.38, p < 0.01], as well as a significant interaction between stimulus type and presence of phrase-final creak [v 2 (2) ¼ 15.33, p < 0.001]. Listeners were less confident in their responses for button-type stimuli with short glottalization compared to those with long glottalization (t ¼ À2.45), especially when these stimuli were in creak (t ¼ À2.33). Creaky bun-type words also had lower confidence ratings compared with button-type stimuli with short glottalization (t ¼ À3.93).
Given that button-type words with [t] were excluded from the linear mixed-effects models because they were not statistically below ceiling, it is not possible to directly compare the other stimulus types to those with [t] . As an alternative, a series of one-sample t-tests (with l ¼ maximal confidence rating of 5) were used to determine which conditions differed from ceiling. The results indicate that all FIG. 2. Mean proportion correct for the three word pair groups. Black bars are modal tokens; white bars are tokens in phrase-final creak. For each group, the final "no /t/" pair of bars refers to words that cannot be glottalized (bun, Alice, and den). No "short-[?]" condition was included for dent-type words, and words with [t] are not shown because accuracy was at ceiling with no variance. Error bars are 95% confidence intervals.
FIG. 3.
Mean confidence rating for the three word pair groups (a larger number indicates greater reported listener confidence). Black bars are modal tokens; white bars are tokens in phrase-final creak. For each group, the final "no /t/" pair of bars refers to words that cannot be glottalized (bun, Alice, and den). No "short-[?]" condition was included for dent-type words. Error bars are 95% confidence intervals.
conditions except non-creaky button-type words with long glottalization were statistically below ceiling. Therefore, only when button-type words have [t] or non-creaky glottalization is listener confidence at ceiling.
For atlas-Alice pairs, there was a significant main effect of phrase-final creak [v 2 (1) ¼ 18.24, p < 0.0001], with listeners showing lower confidence in their responses for creaky stimuli compared with non-creaky stimuli. There was also a significant effect of stimulus type [v 2 (2) ¼ 18.36, p < 0.001]. Confidence ratings were lower for atlas-type words with short glottalization compared to atlas-type words with long glottalization (t ¼ À3.09) and Alice-type words (t ¼ À4.45). No significant interaction between creak and stimulus type was found.
Since glottal atlas-type words with [t] were excluded from the linear mixed-effects models because they were not statistically below ceiling, it is not possible to directly compare the other stimulus types to [t] . Instead, a series of onesample t-tests (with l ¼ 5) were used to determine which conditions differed from ceiling. The results indicate that all conditions were statistically below ceiling. Therefore, only when atlas-type words have [t] is listener confidence at ceiling.
For confidence ratings for dent-den pairs, there were significant effects of stimulus type [v 2 (2) ¼ 20.82, p < 0.0001] and presence of phrase-final creak [v 2 (1) ¼ 12.20, p < 0.001], as well as a significant interaction between stimulus type and creak [v 2 (2) ¼ 49.79, p < 0.0001]. For stimuli with [t], no effect of creak was found. For dent-type stimuli with glottalization and non-glottal den-type stimuli, listeners were less confident in their responses when stimuli were in creak compared to when stimuli were non-creaky (dent: t ¼ À2.87; den: t ¼ À7.32). The effect of stimulus type is driven by the lower confidence ratings for glottalized dent words compared to those with [t] (t ¼ À5.97) and to dentype words (t ¼ À5.29).
IV. GENERAL DISCUSSION
A. Summary of results
The main goal of this study was to determine whether /t/-glottalization and phrase-final creak are perceptually confusable. This is partially confirmed by the results: listeners are generally poorer at (and less confident when) identifying words with /t/-glottalization when they occur in phrase-final creak than when no creak is present. However, the influence of phrase-final creak on word identification depends on the length of the glottalization and the type of word. The adverse effect of phrase-final creak is particular to /t/-glottalization; creak does not influence word identification when the /t/ is realized as [t] instead of glottalization. Thus, phrase-final creak is not intrinsically detrimental to word identification. Rather, it is sometimes detrimental for identification of words with /t/-glottalization in particular, most likely because the acoustic properties of creak resemble those of glottalization (Dilley et al., 1996; Gerratt and Kreiman, 2001; Redi and Shattuck-Hufnagel, 2001 ).
The target words are generally more accurately identified depending on the number of possible cues available in the signal. Thus, identification of button-bun words is at ceiling, even when words with /t/ have short glottalization (see first panel of Fig. 2) . Presumably, this is because there are several potential cues allowing listeners to differentiate such words from their alternatives (e.g., bun): presence of creaky voice due to glottalization, as well as differences in syllabicity.
On the other hand, identification of atlas-Alice words is considerably lower when the /t/ in glottal words is realized as short glottalization (see second panel of Fig. 2 ). These words form minimal pairs with their paired words, such that the only difference between atlas and Alice is the presence of a /t/ in the former but not in the latter. Therefore, the absence of a difference in syllabicity between the paired words is perceptually costly, but only in phrase-final creak. However, it is important to note that this perceptual cost is not strong enough that listeners perform at chance. That is, listeners are still able to distinguish atlas-Alice pairs when glottalization co-occurs with phrase-final creak. This is inconsistent with the hypothesis that glottalization is simply not heard. If this were the case, then identification would be below ceiling for non-creaky but glottalized atlas-type words, because [ae?l@s] would sometimes be heard as [ael@s] . However, it is conceivable that listeners mistake phrase-final creak for glottalization, yet still perform above chance because they rely on other possible segmental cues. In the glottalized atlas-type words, the following sonorant was further removed from the preceding vowel than in the nonglottal Alice-type words. Thus, it is possible that these differences in coarticulation are the main cues to the contrast, rather than presence vs absence of glottalization. If this were the case, then the fact that listeners perform above chance on creaky atlas-type words with short glottalization could be due to those cues rather than to cues pertaining to glottalization vs phrase-final creak. However, segmental cues other than glottalization cannot be the sole reason why listeners perform above chance when words appear in phrase-final creak, as explained below.
Theoretically, if listeners relied heavily on cues like lateral or nasal coarticulation, then the presence of phrase-final creak could in fact cause an increase in accuracy. Phrasefinal creak amplifies formant transition energy; for example, the creaky stimuli in this study had lower values of the spectral tilt measures H1*-A1*, H1*-A2*, and H1*-A3*, among others (see Sec. III A). This means that the first three formants are louder (relative to a baseline, here H1*) when vowels are in phrase-final creak than when no creak is present. Yet the degree of lateral and nasal coarticulation is reflected in changes in formant frequency: /l/ velarization results in lower F2 (Recasens, 2012) and nasal coarticulation results in an increased F1 bandwidth (Beddor, 1993) . Thus, any potential coarticulatory cues from laterals or nasals should be more salient in phrase-final creak. Indeed, Garellek (2011) found that creaky voice during vowels speeds up recognition of adjacent /t/ in English (even in onset position), presumably because the formant transitions are more salient.
Moreover, assuming that (1) phrase-final creak and glottalization were perceptually neutralized and (2) listeners relied predominantly on nasal and lateral coarticulation to distinguish words like atlas vs Alice, then neutralizing the cues to glottalization by means of creak should not result in a significant decrease in accuracy; coarticulatory cues to laterals/nasals would remain. However, a significant decrease in accuracy was found for words which were both in phrasefinal creak and glottalized, suggesting that listeners do in fact rely on creaky voicing as a cue to either glottalization or phrase-final creak.
To determine whether there are even differences in nasal and lateral coarticulation between stimuli with and without /t/-glottalization, F2 and F3 were measured (for lateral coarticulation), along with the first formant's bandwidth (for nasal coarticulation). These measures were obtained in the same manner described in Sec. III A, and were analyzed using the same model structure as described in that section. The results show no effect of glottal vs non-glottal word on F2, F3, or the bandwidth of F1 of the vowel preceding the glottalization in glottal words compared with the vowel preceding the sonorant in words where /t/-glottalization cannot apply (all p's > 0.05). Despite the fact that the glottalization separated the preceding vowel from the following sonorant in atlas-type stimuli but not in Alice-type stimuli, the former showed the same degree of nasal and lateral coarticulation as the latter. The atlas-Alice pairs in this study can therefore be considered minimal pairs that differ predominantly in terms of presence vs absence of glottalization. Since listeners can distinguish glottalization from phrase-final creak, it follows that they must be relying on differences between these two types of irregular voicing.
The dent-den pairs were expected to be the most affected by phrase-final creak, because glottalized words have /t/-glottalization post-nasally. This hypothesis was not confirmed; identification accuracy for the glottalized dent-type words (e.g., ) mimics that of the glottalized atlas-type words (e.g., ). It is also worth noting that the dent-type words are the only group for which glottalization results in a drop in accuracy when creak is absent (cf. accuracy for non-creaky [t] vs non-creaky [?] in the third panel in Fig. 2 ). This not surprising, because the only potential differences between denttype words and their den-type counterparts are shorter rhymes with irregular voicing (which may be wrongly attributed to phrase-final creak). The irregular voicing occurs during the nasal coda, and nasals are generally weaker sounds than vowels. Thus, the acoustic differences between phrasefinal creak vs glottalization are probably less perceptible during a nasal than during a vowel, which can explain why accuracy does not differ for glottalized dent-type words depending on the presence of phrase-final creak. Note also that only for this group do words with no /t/ show a significant decrease in accuracy under creak. This finding suggests that when creaky-voiced nasals occur word-finally (e.g., den pronounced as ), they can sometimes be misheard as belonging to an underlying /nt#/ cluster realized as [n?#]. Thus, whereas glottalization is sometimes misheard as creak, creak is ever only misheard as glottalization when the latter would occur post-nasally. Even so, listener accuracy was well above chance, implying that phrase-final creak is usually not misheard as /t/-glottalization.
In sum, this study shows that English /t/-glottalization and phrase-final creak are usually not mutually confusable in English. In the following section, the theoretical and practical implications of this study are discussed.
B. Glottalization is not phrase-final creak
Even though previous studies have shown that listeners can identify both glottalization and lexical creaky voice using the same acoustic cues (Hillenbrand and Houde, 1996; Pierrehumbert and Frisch, 1997; Gerfen and Baker, 2005) , it is not the case that glottalization and phrase-final creak are perceptually equivalent. The analysis of the stimuli used in this study (see Sec. III A) showed that glottalization and phrase-final creak have similar acoustic characteristics: both result in shorter, less periodic vowels with lower spectral tilt. Nonetheless, there are differences in the spectral characteristics of vowels in creak vs vowels adjacent to glottalization, including a decrease in mid-frequency spectral tilt in creak but not in glottalization. Previous work has shown that there are many acoustic correlates of, and consequently multiple potential cues to, creaky voice (Klatt and Klatt, 1990; Gerratt and Kreiman, 2001; Gordon and Ladefoged, 2001; Hanson et al., 2001; Garellek et al., 2013; Brunelle, 2012; DiCanio, 2014) . It is thus possible that some measures (e.g., lower H1*-H2* with higher rms energy) are used by English listeners to perceive glottalization, whereas others (lower spectral tilt across a wide frequency range, from H1*-H2* to H1*-A3*) are used to perceive phrase-final creak. Other acoustic measures (e.g., harmonics-to-noise ratio) may also serve as cues to both phrase-final creak and glottalization. Future work will focus on the precise acoustic cues that English listeners use to distinguish phrase-final creak from glottalization.
Although acoustic differences between glottalization and phrase-final creak may be found, they share some general characteristics, notably irregular voicing and decreased spectral tilt. Perhaps because of these more general acoustic similarities, glottalization and phrase-final creak, though phonologically distinct, are usually both referred to as "creaky." This unification in terminology is reinforced by the International Phonetic Alphabet, which in its current form distinguishes only between voiceless glottal stop and creaky voicing. Yet creaky voice qualities may differ in terms of their articulation, acoustics, perception, and linguistic origins (Laver, 1980; Gerratt and Kreiman, 2001; Hanson et al., 2001; Slifka, 2000 Slifka, , 2006 . Thus, this study supports a theory of phonetic transcription in which different types of creaky voicing are distinguished from each other [and from the voiceless glottal stop; cf. Laver (1980) ]. From a practical point of view, the results of this study underline the importance of controlling for and understanding the distinct sources of perceived creaky voicing. Researchers studying voice quality should therefore be mindful that different forms of creaky voice qualities exist within and across languages. Given that prosodic factors are responsible for phrase-final creak (Redi and Shattuck-Hufnagel, 2001) , it is necessary to control for prosody when analyzing creaky voice qualities derived from glottalization or other lexical sources [e.g., lexical tones Garellek et al. (2013) ; Kuang (2013) ]. Conversely, studies of prosodically conditioned creaky voice like phrasefinal creak should control for lexical sources of creaky voice qualities. Acoustic and perceptual analyses, whenever possible, are essential for determining whether instances of perceived creaky voice quality are a result of a single linguistic phenomenon or multiple ones.
V. CONCLUSION
The primary goal of the present study was to determine whether /t/-glottalization and phrase-final creak are mutually confusable in English. The results from a word identification task reveal that they rarely are, even when both phenomena co-occur on the same word. Thus in spite of their similar acoustic properties and perceptual cues, glottalization and phrase-final creak are not treated the same by English listeners. These results support a theory of phonetic transcription which distinguishes different forms of creaky voicing, rather than combining them under a unified term.
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